Environmental influences on auditory development of the newborn infant, including the effects of medical therapies and noise in the nursery setting, can involve the peripheral auditory system, especially the cochlea. Better understanding of cochlear development are likely to lead to alterations in nursery design and caregiving protocols that minimize these deleterious influences, and also contribute to more effective strategies for early detection of infant hearing impairment with current technologies such as otoacoustic emissions (OAEs) 1 and auditory brainstem response (ABR). Cochlear neurobiology and neurophysiology is currently the topic of extensive investigation (for a current review see Rubel et al. 2 ). Most of this research is reported for animal models. However, emerging principles of normal cochlear development can be generalized from the animal model to the human. Within recent years, unprecedented research attention has been directed also to the relation between genetics and cochlear structure and function (an update can be found on the website for the Association for Research in Otolaryngology: www.aro.org.) The following is a brief update on current knowledge of the maturation of the peripheral auditory system, with an emphasis on findings in humans.
INTRODUCTION
Environmental influences on auditory development of the newborn infant, including the effects of medical therapies and noise in the nursery setting, can involve the peripheral auditory system, especially the cochlea. Better understanding of cochlear development are likely to lead to alterations in nursery design and caregiving protocols that minimize these deleterious influences, and also contribute to more effective strategies for early detection of infant hearing impairment with current technologies such as otoacoustic emissions (OAEs) 1 and auditory brainstem response (ABR). Cochlear neurobiology and neurophysiology is currently the topic of extensive investigation (for a current review see Rubel et al. 2 ). Most of this research is reported for animal models. However, emerging principles of normal cochlear development can be generalized from the animal model to the human. Within recent years, unprecedented research attention has been directed also to the relation between genetics and cochlear structure and function (an update can be found on the website for the Association for Research in Otolaryngology: www.aro.org.) The following is a brief update on current knowledge of the maturation of the peripheral auditory system, with an emphasis on findings in humans.
PERIPHERAL AUDITORY NERVOUS SYSTEM External and Middle Ear
Introduction. The middle ear (tympanic membrane and ossicles) serves as an impedance transformer that couples the lower impedance of the air medium in the ear canal to the higher impedance of the fluid medium of the inner ear ( Figure 1 ). The efficiency of the middle ear in transmitting acoustic energy from the ear canal to mechanical energy to the inner ear improves during the neonatal period. This results from maturational changes along three dimensions, which serve as amplifiers for sound energy. The first, and probably the most important, is the areal ratio of the tympanic membrane to the stapes footplate. The ratio increases during the neonatal period. The second source of amplification is related to the curvature of the tympanic membrane and its vibratory pattern. Maturational changes in this dimension may increase the lever advantage of the middle ear. The lever function of the ossicles is the final component of the amplifier mechanism of the middle ear. It is directly related, in mammals, to the differences in the length of the longer arm of the malleus (the manubrium) to the shorter arm of the incus. The magnitude of the effect for each of these three mechanisms, and the rate of development of each, vary among animal species.
Middle-ear ontogeny may contribute to and influence cochlear and more central auditory system development. Maturation of the middle-ear function can also confound the measurement of and the developmental study of cochlear function. For example, developmental improvement in the sensitivity to sound and the bandwidth of acoustic energy transmission, as determined electrophysiologically, can be related in part to development of the middle-ear function, at least in some animal species. Maturational middle-ear changes may be a dominant explanation for age-related alterations in function (e.g., improvement of hearing sensitivity or differences in the maturational time course for basal versus apical regions of the cochlea). The rationale for certain animal models, e.g., the Mongolian gerbil, is that middle-ear maturation occurs before the onset of auditory function, thus permitting independent study of cochlear function after birth.
External ear canal. Vernix caseosa Ð typically referred to as simply vernix Ð is a fatty (neutral lipid) residue of amniotic fluid found on a baby's skin immediately after delivery. Vernix in neonates is now attracting renewed attention because it can be an important factor in the outcome of newborn-hearing screening using the OAE technique. Failure rates for newborn-hearing
screening with the OAE technique are typically higher within the first 24 to 36 hours after birth due to occlusion by vernix of the external ear canal and/or the probe system for stimulus delivery and OAE detection. The fetus is covered with vernix for the final few months of pregnancy. The chemical composition of vernix differs somewhat for preterm versus term infants. 3 Although vernix does not appear to have antibacterial properties, it may offer a mechanical barrier to the passage of bacteria from the external environment through the skin. 4 Vernix is generally washed off within hours after birth during baby's first bath. For a day or two, however, it may remain as a white or grayish-white, creamy, lotion-like substance within cracks and crevices in babies' skin, and also the external ear canal. When an OAE probe is inserted into the ear canal of a newborn infant within this time frame, vernix may become lodged within the ports (tubes) carrying the stimulus to the ear canal or directing the OAE from the ear canal back to the microphone. Either possibility can interfere with OAE measurement. It is also possible, although less likely, for vernix to totally occlude the ear canal lumen (opening), thus attenuating stimulus delivery to the cochlea and outward transmission of the OAE to the probe. The problem of vernix and related debris in the external ear canal of neonates is not inconsequential. Eavey 5 noted that ear canal debris precluded examination of the tympanic membrane in over 25% of a series of infants in an NICU. In a healthy series of 81 full-term babies, Cavanaugh 6 reported that vernix obscured the eardrum in 19%, even at 72 hours after birth. In an earlier study, McClellan and Webb 7 encountered this problem in 47% of a series of healthy infants.
Middle ear. The middle ear is a vital link in the auditory system. The middle ear contributes importantly to hearing by helping to match the low impedance of the air medium for sound conduction within the ear canal with the high impedance of the cochlear fluids. Developmental changes in middle-ear status, and abnormal middle-ear function in childhood, have a substantial influence on hearing screening and diagnostic assessment with OAEs and, to a lesser extent, ABR. Structural and functional changes and the Figure 1 . Illustration of the anatomy of the peripheral auditory system, including the external ear, the middle ear, and the cochlea. The organ of Corti, containing the single row of inner hair cells and three or four rows of outer hair cells, is shown in the insert (lower right ) .
maturational rate of changes in the tympanic membrane vary considerably among animal model species (e.g., mouse, rabbit, chick, kitten, hamster) and are not paralleled by human studies. For example, from birth onward tympanic-membrane thickness decreases markedly in humans, 8 whereas in certain animal models (e.g., kitten) tympanic membranes actually thicken during the first two postnatal weeks. Complete descriptions of the development of middle-ear structure and function should, but rarely do, take into account changes in and interactions among all relevant structures, including the three lever mechanisms important in impedance matching, and the tympanic membrane, middle-ear muscles and ligaments, vascular supply, and the impedance of the inner ear.
In humans there are, during the first 4 months of age in full-term infants, predictable structural and functional changes in the tympanic membrane, such as color, translucency, and mobility. Investigations have used light and electron microscopic examinations of the different regions of the tympanic membrane. 8 Mesenchyme reabsorption in the middle-ear space is incomplete at birth, especially in the posterior and superior portions of the middle ear. Tympanic-membrane epithelial thickness (e.g., pars flaccida and pars tensa) decreases during the first years after birth. Multiple-frequency tympanometry can document maturational changes in the mechanical properties of middle-ear function differences for infants, and differences in middle-ear mechanics for infants versus older children and adults. 9 There are no human studies relating development of the middle ear to maturation of auditory functions as measured behaviorally, with auditory-evoked responses, and with OAEs.
Cochlea
The cochlea has been the dominant focus of developmental investigations. Most permanent hearing loss in children is secondary to cochlear dysfunction. Newborn-hearing screening efforts are directed mostly toward early identification of sensory (cochlear) hearing impairment. Within the past decade, numerous breakthroughs in our understanding of cochlear anatomy and, in particular, cochlear physiology have been reported. Developmental studies commonly rely on altricial mammals, i.e., animals in which the cochlea is not fully developed or functional at birth. Because the cochlea is most likely to be adversely influenced by noxious stimuli in the newborn environment, it is the major focus of this discussion of auditory system development. Much of the early investigation of cochlear development, and auditory development in general, was conducted by Pujol and Hilding 10 and Pujol and Lavigne-Rebillard. 11 Their work, and findings from selected animal investigations, is summarized here (see Table 1 ). The differentiation of hair cells within the human cochlea begins during the third month of pregnancy (10 to 12 weeks post conception). The development of the stereocilia at the apex of sensory hair cells, the critical structural components in the transduction apparatus within the cochlea, is referred to a stereociliagenesis. Several principles of development have been repeatedly demonstrated with various animal models and human fetus investigations. Stereocilia develop initially on inner hair cells, and then later on outer hair cells. For both types of hair cells, development proceeds from the basal regions of the cochlea to the apical regions. Stereocilia first appear in a round grouping and, with maturation, form W-shaped patterns characteristic of the adult Onset of hearing function by structural criteria 20
Efferent synapses with outer hair cells 22
Maturation of outer hair cell Ð eighth nerve synapse 22
Stereocilia maturation ( inner and outer hair cells ) 22
Outer hair cells and related structures appear mature 30
Normal ( mature ) auditory sensitivity and frequency resolution not known
The literature on development of the auditory system and its relation to OAE is reviewed in the text. Adapted from Ref. 11 cochlea. Outer-hair-cell motility, a feature of cochlear function that is essential for normal function and the activity indirectly measured with OAEs, is highly dependent on stereocilia. Synaptogenesis, the development of afferent and efferent innervation of the hair cells, has also been extensively investigated in a variety of animal models and, by at least one group of investigators, 10 ± 13 in the human fetus. In general, the developmental patterns of synapse formation are similar for human and animal models. Both inner and outer hair cells are initially (in the third month) innervated only with afferent fibers, with radial afferents preceeding lateral afferents. Synapses between hair cells and lateral efferents appear first for the inner hair cells (about 14 weeks post conception). Medial efferent synapses with outer hair cells are not apparent until about 8 weeks later. It is not clear whether innervation of hair cells precedes and facilitates hair cell differentiation, or whether differentiation begins before innervation. Once innervation of hair cells has occurred, however, there appears to be a mutual developmental influence.
The time at which outer hair cells reach functional maturity may be estimated by documenting the appearance of motile responses. This developmental information is of direct relevance for the interpretation of hearing screening findings. In the gerbil, the initial signs of electromotility of outer hair cells in the base and apical occur at 7 and 8 days after birth, respectively, and all outer hair cells produce motile responses to electrical stimulation by the 12th day. These times are in agreement with the demonstrated onset of auditory function (12 days), even though the gerbil cochlea is not completely``tuned'' until approximately day 17.
14 Curiously, before 20 weeks post conception there may be a larger number of hair cells than in adult cochleae, including a second row of IHCs and a fourth row of OHCs.
The structure of the cochlea appears sufficient to support function at about 20 postnatal weeks, although biochemical and metabolic maturation probably continues, especially for the outer hair cells. Outer hair cells at 8 months of pregnancy appear structurally mature by electron microscopy (e.g., in shape, in stereocilia, in the hair cell to Deiters cell junction, in the structure of the laminated cistern within their walls, which is essential for motility, and in the efferent innervation). The earliest evidence of auditory function by evoked response techniques is at about 26 weeks. It is possible that the onset of some auditory function actually precedes the appearance of the synchronous firing of afferent eighth nerve and brainstem neurons required for auditory-evoked response recording. It would be reasonable to suspect that the final stage in cochlear development is maturation of the outer hair cells. Outerhair-cell functional integrity is essential for normal auditory sensitivity and frequency resolution.
The synthesis of neuronal-specific enolase (NSE, a glycolytic enzyme) may occur at the onset of functional differentiation of nerve cells. 15 NSE immunoreactivity techniques have been applied in the study of the fetal development of the spiral ganglion cells, nerve fibers, and nerve endings of inner and outer hair cells, and in inner and outer hair cells in mouse within the first 20 days of gestation. 15, 16 Cochlear microphonic potentials (generated by outer hair cells) were first detected at 10 days after birth. CM thresholds progressively improved to adult values through 18 days after birth. There is some evidence that maturation is equivalent across the low-to highfrequency region. 17 Reported differences in the structural versus functional maturation of the cochlea have generated much discussion. Cochlear structure, as determined by such indices as innervation of cochlear receptor cells or development of the supporting structure of the organ of Corti, matures from the base (high-frequency) end to the apex (low-frequency) end. There is evidence from most animal species, however, that cochlear responses are initially apparent for low-to midfrequency stimuli and then progress to higher frequencies. 18 Concomitant maturational changes in middle-ear status that influence cochlear functional studies have been offered in explanation of this apparent developmental conflict. However, investigations of cochlear microphonic potentials in gerbil have confirmed the presence of a developmental tonotopic shift after the onset of cochlear function, with sensitivity initially greatest for lowfrequency stimuli and then the development of sensitivity for progressively higher-frequency stimuli. Multiple developmental factors (structural, physiologic, and biochemical) may contribute to these changes in frequency response. 19 Measurement of the total width of the rows of outer hair cells has been used as an index of the maturation of the organ of Corti and the reticular lamina across the length of the cochlea. 20 In adult rat, the width decreases from apex to base, whereas the opposite pattern is documented in immature rat.
Prior to the onset of hearing at day 12 after birth in rat, maturation of structural changes in the cochlea can be documented (e.g., formation of tunnel of Corti, differentiation of hair cells versus supporting cells, appearance of Nuel spaces, changes in hair cell shape). Inner and outer hair cells and support cells show further structural maturation, such as increased length, the loss of kinocilia and microvilli with the formation of three rows of stereocilia, a decrease in organelles in the cytoplasm, and development of the subsurface cistern. Inner hair cells reach their adult shape and become innervated with the onset of hearing, whereas the level of development occurs later for outer hair cells. Also, with maturation hair cell length decreases at the base of the cochlea while increasing at the apex, corresponding to frequency representation along the basilar membrane. At birth, outer-hair-cell length, stereocilia length, and the width of the three rows of outer hair cells is relatively constant along the basilar membrane. A change in these factors with increasing age is one of the most important developmental patterns in cochlear maturation, and underlies the development of frequency representation. The length of stereocilia is inversely related to their stiffness.
Pujol and Hilding 10 correlated electrophysiologic responses with histologic findings in fetal and young animals (e.g., guinea pigs and kittens). Cochlear microphonic potentials were first recorded within several weeks before birth, whereas eighth nerve action potentials were not recorded until the first to second week after birth. The delay in the development of the action potentials was attributed to an incomplete synaptic function between the hair cells and the afferent fibers, and less functional nerve endings in the infant versus adult animal capable of synchronously firing in the generation of the AP. There were distinct differences in the developmental course among animal species. The period during which biochemical maturation takes place within the cochlea, such as the carbacholelicited inositol phosphate formation associated with the time of efferent innervation of the outer hair cells, may be a period of increased sensitivity of the cochlea to aminoglycoside antibiotics. Endocochlear potentials, essential for cochlear functioning, are first recorded in guinea pig cochlea at 62nd gestational day.
There are two types of eighth (auditory) cranial nerve fibers that synapse with hair cells: afferent and efferent. The afferent neurons, which lead to the spiral ganglion, are divided into two categories. One type innervates the inner hair cells and the other innervates the outer hair cells. Two categories of efferent neurons are also distinguished by projection from the brainstem to either inner or outer hair cells. The lateral efferent system originates from the lateral olivary nuclei, travels within the inner spiral bundle, and then terminates with synapses on the afferent auditory dentrites that, in turn, innervate the inner hair cells. There are no direct synapses between efferent fibers and inner hair cells. In contrast, the medial system originates from the region of the ventro-medial nuclei of the trapezoid body, projects to both ears, and makes direct synapses with outer hair cells. 21 There is evidence that lateral efferent maturation precedes medial efferent maturation.
An important feature of neuronal development is myelinization. Immaturity in myelinization influences the development of auditory function, and is a factor in analysis of specific clinical measures such as the ABR. First, Schwann cells begin to surround the neurons proximal and distal to the spiral ganglion. Then, the neurons become enclosed in a dense myelin sheath. In rat, these processes are complete by 4 weeks after birth. Non-neural and extracellular developments may also be used as evidence of cochlear maturation, including the distribution of the glycoprotein fibronectin within the basilar membrane. The extracellular matrix may contribute to alterations in basilar membrane stiffness and, therefore, to cochlear frequency tuning (resolution). Fibronectin may serve a function in facilitating the course of hair cell afferent innervation and synaptogenesis in the developing cochlea, i.e., an axonal guidance mechanism. The synapse between hair cells and eighth nerve afferent fibers develops postnatally (in mouse) and is under the control of the afferent fibers. The synaptic body may originate inside the hair cell and then migrate to the cell membrane. Synaptic development occurs first for inner hair cells and then days later for outer hair cells.
For many years, developmental investigations of the cochlea were limited to changes in gross anatomy. The human cochlea appears coiled at 9 weeks and, during the following month, the cochlear duct forms from the basal region to the apical region. By 10 weeks, there is evidence of tectorial-membrane formation. Two weeks later, perilymphatic spaces are apparent. More recently, scanning and transmission electron microscopic techniques have been applied in the study of finer points of cochlear development, such as the formation of stereocilia (the apparatus for energy transduction) on hair cells, the formation of the tectorial membrane, and the formation of synapses among hair cells and both afferent and efferent eighth nerve fibers. 22 For example, in the human fetus synaptogenesis begins at the 10th week of gestation, and before ciliogenesis (week 12). There is debate as to whether the hair-cell differentiation is influenced by innervation. Maturation of synapses occurs at about week 15 for inner hair cells, but not until week 22 for outer hair cells. Stereocilia maturation is apparent by week 22 for both inner and outer hair cells. Two developmental gradients for the cochlea Ð basal before apical regions and inner hair cells before outer hair cells, that are well-appreciated in animal models apply also to the human. 22 The basal-to-apical developmental pattern is most evident for certain structural changes, such as the growth of stereocilia and in tectorial-membrane development. The different developmental timetable for inner versus outer hair cells is apparent especially for cell shape and synaptogenesis, as well as for stereocilia growth. Among animal models and human studies, and for inner and outer hair cells, synaptogenesis precedes stereocilia development. The onset of human auditory function is estimated to be at approximately 18 weeks of gestation, with evidence of maturation appearing at about 28 weeks.
Rubel 18 described three principles of cochlear maturation, namely, (1) development begins at the base and progresses toward the apex, (2) development occurs concomitantly along the length of the cochlea, and (3) development for inner hair cells leads outer hair cells. However, developmental studies in a some animal models (e.g., rat) do not consistently support each of these principles. 20 It is important to keep in mind that sensory (hair cell) development interacts with neural development. The hair cells exert a trophic effect on eighth nerve afferent neuron innervation. The early relation between hair cells and afferent neurons can be investigated with neurofilament protein immunoreactivity.
The mechanosensory apical (upper) region of cochlear hair cells is composed mostly of protein (actin) microfilaments (and especially fodrin). The mechanosensory structures first differentiate in inner hair cells within the basal region of the cochlea of rat on the 19th gestational day. The expression of cytoskeletal actin in cochlear hair cells progresses from basal to apical regions and from inner to outer hair cells. 23 In avian animal models, actin filaments in the development of stereocilia emerge in three stages, namely the stereocilia elongate, widen and form rootlets, and grow in length. 24 In electron microscopy studies of fetal human cochlea hair cell innervation development, or``synaptogenesis'' (at 13 to 22 weeks' gestational age), two general gradients of cochlear maturation were documented: inner hair cell followed by outer hair cell and base-to-apex maturation. At 11 weeks synapses between inner hair cells and radial dentrites are observed, and by 14 weeks inner-haircell innervation (afferent and efferent) was almost complete, whereas at 16 weeks only afferent innervation (spiral and radial) were present at the outer hair cells, and efferent outer-hair-cell innervation was not yet complete at week 22. Myelination of spiral lamina fibers was also not complete at this fetal age. 12, 25 In these human fetal studies, there were two clear maturational patterns: (1) inner hair cells always matured before outer hair cells and (2) the basal region of the cochlea matured earlier than the apex by 1 to 2 weeks.
There are other studies of ciliogenesis of cochlear hair cells in the human fetus. 26, 27 Based on these studies, immature inner and outer hair cells have``round tufts of thick microvilli and a short kinocilium''. 28 A consistent finding is the earlier differentiation of stereocilia for IHC than OHC, but as cochlear development continues the lag of OHC maturation decreases. For example, OHC stereocilia bundles undergo rapid maturation with the characteristic``W'' pattern apparent by the end of the first postnatal week. In contrast, synaptogenesis is complete for IHC well before OHC. Consistent with findings in immature human cochlea, 27 three types of cross-links at the tops of IHC are evident (in 2-day-old rats) as IHC stereociliary bundles are in the early stages of formation. The three types are: (1)`s ide-to-side links between stereocilia in the same row, (2) rowto-row links between adjacent rows, and (3) Synapto-genesis for IHC and OHC. At birth in the rat cochlea, IHC have both afferent and efferent synapses, whereas OHC show only afferent synapses. Then, during postnatal days 6 and 12, efferent synapses diminish at the IHC and begin to appear at the OHC. From days 12 to 16, OHC efferent synapses``regress'' 29 and large efferent synapses begin to develop. Adult status is reached by the 16th postnatal day. The period of increased cochlear sensitivity to sound, as assessed electrophysiologically, corresponds to the final stages of OHC structural maturation. 29 Tectorial-membrane (TM) development proceeds from the internal border of the cochlea, the spiral limbus, toward and over the hair cells and onward to Hensen's cells, finally making an external attachment to the third row of Deiters' cells. The external border of the tectorial membrane becomes secured by the marginal pillars. During cochlear development, the tectorial membrane gradually becomes free of the organ of Corti in an apex-to-base direction. This is in distinct contrast to the base-to-apex developmental gradient for other cochlear structures. OHC stereocilia make imprints on the undersurface of the tectorial membrane, which are most apparent in the basal region of the cochlea. The closer relationship between the stereocilia and tectorial membrane in the basal region may contribute to the early frequency resolution within this region. Mechanical coupling between OHC and the tectorial membrane may be necessary for fully developed cochlear function (e.g., the synchronous firing of eighth nerve action potentials recorded electrophysiologically). The completion of tectorial-membrane maturation coincides with the end of frequency selectivity maturation. Only the longest inner-hair-cell stereocilia are connected to the undersurface of the tectorial membrane in the developing and adult cochlea. 28 These aspects of anatomic and physiologic cochlear development are extremely relevant to consideration of the effects of the environment, including noise, on the infant and, especially, the premature neonate.
As Lenoir et al. 28 note,``information . . . concerning the maturation of structures involved in the cochlear mechanism could help towards understanding the enhanced effects of noise and ototoxic drugs during cochlear development . . . The maximum effect of noise occurs between days 16 to 22 in the rat when the TM undergoes its final developmental changes. It can therefore be suggested that mechanical or micromechanical aspects of cochlear activity are involved in the increased susceptibility of acoustic trauma during cochlear development. The period of increased susceptibility to aminoglycosides starts by about day 9 and extends to approximately day 20. This period therefore includes the last stages of IHC and OCH ciliogenesis and the maturation of the undersurface of the TM'' (p. 485). Aminoglycoside antibiotics may alter the coupling of the longest OHC stereocilia to the TM.
Stria vascularis and endocochlear potential. In mammals, the endolymph within the cochlea has a positive electrical polarization of about 80 to 90 mV relative to the perilymph within the scala vestibuli and tympani. Also, the ionic composition of the endolymph is similar to intracellular fluids in K + and Na + concentration whereas the perilymph ionic composition resembles extracellular fluids. The stria vascularis is a structure forming the lateral (external) wall of the cochlear space. Maintenance of the endocochlear potential is dependent on stria vascularis activity, and not simply ionic composition of cochlear fluids. Clinically, disruption of stria vascularis function and the endocochlear potential in neonates may occur secondary to compromise of blood flow to the cochlea or to other cochlear insults, such as the ototoxicity of the loop diuretic ferosemide (lasix). The stria vascularis is one of the major routes for ion transport. In rat, the concentration of ions in cochlear fluids reaches adult levels at about the eighth postnatal day, but the endocochlear potentials do not reach adult values until about the 16th to 20th postnatal day. Melanin may play a role in energy conversion, energy storage, energy release, and a protective mechanism in the cochlea. One theory on a protective mechanism is that melanin molecules in the stria vascularis contribute to reestablishing the endocochlear potential during or after noise exposure. The stria vascularis cellular glycogen content matures along a base-to-apex gradient. The rate of postnatal development, however, varies among species.
In studies of cochlear development, consensus is lacking on developmental trends in functional and structural maturation. That is, the cochlea develops along a base-to-apex gradient (for the adult ear, from the high-frequency region to the lowfrequency region). One theory posits more rapid improvement in auditory thresholds for higher-than lower-frequency stimuli, consistent with the structural base-to-apex gradient, whereas another maintains that animals are initially most responsive to low-and mid-frequency sounds. 18, 31 Methodologic differences among studies, especially in the indices used for analyzing data (e.g., calculation of age at which adult values are reached versus the rate of improvement in thresholds) probably account for some of the discrepancies. The influences of developmental changes in middle-ear function on electrophysiologic functional measures, such as the eighth nerve compound action potential, may also contribute to the contradictory findings. In addition, there are conflicts in reports on the developmental pattern of frequency resolution (tuning), with some investigators describing adult values initially for high-frequency fibers and, later, lowfrequency fibers 31 and others a reverse trend.
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In general, there is rapid maturation of auditory sensitivity (thresholds), which precedes the development of tuning (frequency resolution). Late in development, thresholds and frequency selectivity gradually reach adult values.
HEARING DEVELOPMENT
In addition to the extensive investigation of cochlear structure, and function as assessed electrophysiologically, there are numerous developmental studies of retrocochlear and central auditory system structure and function, and also investigations of hearing using psychoacoustic techniques (see Ref. 31 for review). These topics, however, are well beyond the scope of this brief report. A major distinction between the development of auditory function versus hearing is the dependence of the latter on behavioral measurement. Conclusions about the developmental status of the auditory system are based, largely, on the subject's response to sensory stimuli. Immaturity in the response modality, e.g., a motor response, may influence the measurement. In addition, as Werner and Gray 32 point out``all behavioral responses are the result of an interaction between sensory and nonsensory factors . . . nonsensory factors become very important . . . under the complex and uncertain conditions in which organisms ordinarily listen'' (p. 13). A variety of other factors influence hearing development as measured behaviorally in organisms, predominant among them the measurement method or procedure used and the auditory behavior or process being measured. It is readily apparent that some auditory processes are more complex, and later-maturing, than others. A few rather clearcut trends in hearing development of human infants are emerging from the many studies reported mostly within the past 10 to 15 years. These trends, succinctly summarized by Werner and Gray, 32 include the following: (1) absolute thresholds and frequency discrimination mature first at high and then at low frequencies, (2) masked thresholds develop in parallel across the frequency range, (3) auditory filter width and critical bandwidth mature early but last at high frequencies, (4) the temporal integration function becomes shallower over the course of development, (5) neonates are capable of locating sound sources in at least a crude fashion, but normal binaural experience with sound is required to maintain localization capability, (6) neonates respond selectively to sound, showing particular responsiveness to certain species-specific vocalizations, but the ability to selectively process one sound among many or one dimension of a multidimensional sound develops much later, and (7) during development the ability to discriminate between sounds along some dimension precedes the ability to place sounds in consistent positions in a perceptual map defined by that dimension (p. 57).
It must be pointed out, however, that most human investigations of hearing development are limited to infants ramging in age from 2 to 3 months and older. There is essentially no literature describing behavioral studies of hearing development in human term or preterm neonates. This gap in our knowledge is due, to a large extent, to the substantial methodologic and practical challenges inherent in studying this population. Two new techniques offer promising alternatives to behavioral test procedures for comprehensive documentation of development of the auditory system and of hearing in the neonate. One is the mismatch negativity (MMN) response to sound. It is possible to record from scalp electrodes neuronal activity within the auditory system in response to very small differences in acoustic signals, including speech sound properties, even in neonates and young children. 33, 34 The MMN response may offer the opportunity to evaluate auditory perception in neonates without the limitations associated with psychoacoustic techniques, which require an observable behavioral, and motor, response. Another exciting tool for clinical investigation of cerebral activity during auditory stimulation is functional magnetic resonance imaging, or fMRI. 35 The FMRI technique also is not dependent on a behavioral response from the neonate, and has the advantage of providing information on the location of the activity within the central auditory nervous system. Both MMN and FMRI techniques are noninvasive and quite feasible in patient populations, even neonates.
CONCLUSIONS
Understanding of major trends and gradients in development of the cochlear has advanced rapidly within the past two decades. The findings of earlier studies, which focused mostly on maturation of cochlear anatomy, have more recently been complemented by intense investigation of cochlear physiology and neurochemistry. Without doubt, the major research breakthrough was the identification in the early 1980s of active cochlear processes and the demonstration of outer-hair-cell motility. Now basic investigations include an emphasis on the complex and critical relation between cochlear structure and function. These efforts have extended as well to the human neonate, with the advent of technology for clinical recording of OAEs Ð a sensitive measure of outer-hair-cell function. Fueling these research interests is the remarkable discovery that cochlear hair cells can regenerate, at least in the avian ear. The current excitement surrounding molecular biologic and genetic research has extended also to studies of the cochlea. In the human preterm or term neonate, however, little is known of the interactions between the status of cochlear maturation and commonly encountered clinical factors, such as noise exposure or potentially ototoxic medications. There are, in addition, scant psychoacoustic data on the development of hearing processes, in relation to maturation of cochlear structure and function. In the next 20 years, we are likely to witness an unprecedented acceleration of research on the development of cochlear structure and function, a deeper understanding of how the infant hears, and ultimately what steps must be taken to prevent or minimize childhood hearing impairment.
